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Cassava breeders have made significant progress in developing new genotypes with 
improved agronomic characteristics such as improved root yield and resistance against 
biotic and abiotic stresses. However, these new and improved cassava (Manihot esculenta 
Crantz) varieties in cultivation in Nigeria have undergone little or no improvement in their 
culinary qualities; hence, there is a paucity of genetic information regarding the texture of 
boiled cassava, particularly with respect to its mealiness, the principal sensory quality 
attribute of boiled cassava roots. The current study aimed at identifying genomic regions 
and polymorphisms associated with natural variation for root mealiness and other texture-
related attributes of boiled cassava roots, which includes fibre, adhesiveness (ADH), taste, 
aroma, colour, and firmness. We performed a genome-wide association (GWAS) analysis 
using phenotypic data from a panel of 142 accessions obtained from the National Root 
Crops Research Institute (NRCRI), Umudike, Nigeria, and a set of 59,792 high-quality 
single nucleotide polymorphisms (SNPs) distributed across the cassava genome. Through 
genome-wide association mapping, we  identified 80 SNPs that were significantly 
associated with root mealiness, fibre, adhesiveness, taste, aroma, colour and firmness 
on chromosomes 1, 4, 5, 6, 10, 13, 17 and 18. We also identified relevant candidate 
genes that are co-located with peak SNPs linked to these traits in M. esculenta. A survey 
of the cassava reference genome v6.1 positioned the SNPs on chromosome 13 in the 
vicinity of Manes.13G026900, a gene recognized as being responsible for cell adhesion 
and for the mealiness or crispness of vegetables and fruits, and also known to play an 
important role in cooked potato texture. This study provides the first insights into 
understanding the underlying genetic basis of boiled cassava root texture. After validation, 
the markers and candidate genes identified in this novel work could provide important 
genomic resources for use in marker-assisted selection (MAS) and genomic selection 
(GS) to accelerate genetic improvement of root mealiness and other culinary qualities in 
cassava breeding programmes in West Africa, especially in Nigeria, where the consumption 
of boiled and pounded cassava is low.
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INTRODUCTION

The texture of boiled cassava roots is an important organoleptic 
attribute and criterion for the acceptance of new improved 
genotypes by end-users. Thus, quality assessment of texture 
in boiled roots is a crucial step in cassava breeding. Regarding 
texture, root mealiness is generally cited by end-users as the 
principal quality attribute of boiled cassava roots (Favaro et al., 
2008; Hongbété et  al., 2011). Root mealiness is a complex 
textural trait and refers to the feel of the boiled cassava roots 
in the mouth. It is an important sensory attribute used in 
describing cassava storage roots which, when boiled in water, 
become soft and chewable (Ngeve, 2003). Nonetheless, mealiness 
of boiled cassava roots has received little research attention 
compared to boiled potato, partly due to major focus on 
improved yield and disease resistance by cassava breeders. 
Additionally, most of the cassava produced in sub-Saharan 
Africa (SSA) and Nigeria in particular are processed into 
marketable granulated and paste products (Nweke et al., 2002). 
Consequently, improving cooking and eating quality traits, 
predominantly mealiness, are major goals for cassava breeding 
programmes to address the demand for varieties that are suitable 
for the fresh consumption market segment.

Root mealiness is difficult to phenotype because of the 
individual and complex nature of textural perception. Assessment 
of this trait depends on both subjective estimates (also referred 
to as “sensory evaluation”) and semi-throughput methods such 
as instrumental techniques that correlate well with scores from 
sensory panels. Sensory evaluation refers to descriptive test 
analysis carried out by a trained subjective taste panel. 
Instrumental firmness analysis (IFA) is an instrumental method 
in which the cone of a penetrometer is pushed to a penetration 
depth of 1 cm into boiled cassava root sections and the peak 
force of penetration recorded (Iragaba et  al., 2019). Though 
sensory analysis is still the final arbiter of cassava cooking 
and eating quality, there are some setbacks in its application 
in cassava breeding. It can be  time consuming, laborious, 
costly, low throughput, and only a few samples (n < 15) can 
be  evaluated per day, restricting assessment of root mealiness 
and other textural quality traits to later stages in the selection 
cycle of a cassava breeding programme. Furthermore, cassava 
has a lengthy breeding cycle due to its inherent heterozygosity, 
poor and asynchronous flowering, insufficient seed production, 
slow multiplication rate of planting materials, and a long 
annual growing cycle of 12 months (Ceballos et  al., 2015). 
These challenges make conventional breeding approaches rigid 
and inefficient, with a low level of genetic gain. Understanding 
the genetic basis of variation in root mealiness and other 
texture-related traits is critical for increasing their selection 
efficiency, shortening the breeding cycle and the rate of 
genetic gain.

Genetic studies on texture, especially putative candidate 
genes and quantitative trait loci (QTL) influencing textural 
properties, are widely established in cooked rice and potato 
tuber crops but rather limited for boiled cassava roots. For 
instance, using single locus and multi-locus GWAS approaches, 
Misra et  al. (2018) detected multiple major/minor quantitative 

trait nucleotides (QTNs) associated with rice cooking properties. 
Further, they found hot spot QTLs on chromosome 6 where 
QTNs for adhesiveness co-localized with QTNs for amylose 
content. A 2011 study identified QTL for cooked potato tuber 
texture in a diploid biparental mapping population (Lloyd, 
2011). Interestingly, one of the QTLs detected occurred close 
to a pectin methyl esterase (PME) gene (Lloyd, 2011).

The availability of cassava genomic resources has increased 
significantly in recent years, especially through the sequencing 
of the cassava reference genome (Prochnik et  al., 2012), multi-
parental SNP-based molecular linkage map (ICGMC, 2015), 
high-density genotyping using next-generation sequencing (Rabbi 
et al., 2014), and cassava haplotype map of segregating variants 
from deep sequencing of hundreds of different accessions (Ramu 
et  al., 2017). With these increased resources, it is now feasible 
to examine the genetic architecture of boiled cassava root 
texture. To date, several genome-wide association mapping 
studies have been applied successfully to identify QTL or 
candidate genes associated with useful agronomic and quality-
related traits in cassava at the whole-genome level, including 
cassava mosaic disease resistance (Wolfe et al., 2016), resistance 
to cassava green mite pest (Ezenwaka et al., 2018; Jiwuba et al., 
2020), cassava brown streak disease resistance (Kayondo et  al., 
2018), dry matter and provitamin A carotenoid content (Esuma 
et  al., 2016; Rabbi et  al., 2017; Ikeogu et  al., 2019) and shoot 
weight, fresh root yield, amylose content, dry matter content, 
and starch yield (de Oliveira et  al., 2012). However, a genome-
wide association study (GWAS) for root mealiness and other 
texture-related traits (softness, firmness, adhesiveness, fibre, 
taste, aroma, and colour) has not yet been reported in Manihot 
esculenta. Accordingly, the aim of this present study was to 
identify genomic regions and single nucleotide polymorphisms 
(SNPs) associated with natural variations for root mealiness 
and other textural quality traits in cassava.

MATERIALS AND METHODS

Plant Material and Field Trials
An association mapping panel of 150 cassava accessions sourced 
from the National Root Crops Research Institute (NRCRI) in 
Umudike, Nigeria, was used in this study (Supplementary  
Table S1). These accessions showed variability in storage root 
flesh colour ranging from white to deep yellow.

The accessions were planted in two field growing seasons 
(2017–2018 and 2018–2019) across three contrasting cassava 
growing agro-ecological zones of Nigeria: Umudike (mean 
annual rainfall of 2,200 mm; mean annual temperature of 22 
to 31°C; coordinates 5° 29′ N, 7° 24′ E; altitude of 120 m 
above sea level; dystric-luvisol soils; humid forest zone); Igbariam 
(mean annual rainfall of 1,800 mm; mean annual temperature 
of 24 to 32°C; coordinates 5° 56′ N, 7° 31′ E; altitude of 
150 m above sea level; dystric-luvisol soils; forest savannah 
transition zone); and Otobi (mean annual rainfall of 1,500 mm; 
mean annual temperature of 24 to 35°C; coordinates 7° 20′ 
N, 8° 41′ E; altitude of 319 m above sea level; ferric-luvisol 
soils; derived savannah zone).
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Field trials were established at the onset of rains using 
15 × 10 alpha lattice design with three replications in each 
location. A replication consisted of 10 randomized incomplete 
blocks each containing 15 accessions. Accessions were planted 
as single rows of 5 plants with inter-row spacing of 1 m and 
intra-row spacing of 0.8 m, making a basic plot size of 4 m2. 
Blocks were separated by 1.2 m alleys. No fertilizers or herbicides 
were applied; however, fields were kept clean by regular hand 
weeding. Trials were harvested 12 months after planting (MAP).

Phenotyping
The association panel of 150 accessions was phenotyped for 
root mealiness and other important quality attributes of boiled 
cassava roots (taste, softness, fibre, adhesiveness, aroma, and 
colour) using subjective estimates. Firmness of boiled cassava 
roots was determined using a puncture force test.

Boiled Cassava Sample Preparation
Freshly harvested and healthy cassava roots were selected from 
each genotype, peeled and cut with a kitchen knife into roughly 
uniform-sized pieces. Samples for sensory analysis (10 root 
pieces) were washed twice, immersed in boiling water in enamel 
pots on a domestic gas cooker and left to cook for a fixed 
period of 25 min. The labelled boiled root samples were then 
removed from the pots and kept warm in an insulated box 
until ready to be  served for sensory analysis.

Descriptive Sensory Analysis
A panel of 10 assessors participated in the descriptive sensory 
test and evaluated the boiled root samples during the two 
consecutive years. These assessors were indigenes of the major 
cassava growing communities in Nigeria who regularly use 
cassava in their diets. They were recruited based on their 
interest and availability to participate. Mealiness, taste, softness, 
fibre, adhesiveness, aroma, and colour were the quality attributes 
of boiled cassava considered in this study. The assessors were 
thus trained to understand and quantify these attributes using 
numeric ratings based on hedonic scales, as described in Raji 
et  al. (2007) with slight modification (Table  1). The attributes 
were scored after assessors tasted the samples. Ten samples 
(accessions) were evaluated per session. Samples were presented 
to assessors in white plastic plates at room temperature, coded 
with random three-digit numbers. Boiled root samples were 
consumed plain. Water was provided to the assessors for mouth 
rinsing before and between tasting samples. Assessors performed 
the sensory test independently in separate tasting booths, with 
no interaction among assessors.

Instrumental Firmness Analysis
Instrumental test was performed using a digital penetrometer 
(Model number: FHP-803, Vetus Industrial Company Limited, 
Hefei, China) to assess the firmness of boiled cassava roots. 
Three roots of each accession were peeled, washed and cut 
into 3-cm-thick slices using a kitchen knife and ruler. For 
each accession, three slices per root were randomly selected, 
immersed in boiling water in enamel pots on a domestic gas 

cooker and boiled for a period of 25 min. Firmness was assessed 
by pushing the 7.9 mm diameter tip of the penetrometer to 
a final penetration depth of 1 cm into each boiled root slice. 
Firmness was defined as the peak force of penetration reached 
during the test. Two measurements were made on each sliced 
root. Each result was expressed as the mean value (in kg) of 
18 readings.

Genotyping
Genomic DNA Preparation
Approximately 1 g of young fresh leaf samples from mature 
cassava plants in the field were collected for each accession. 
The leaf tissues were placed in well labelled extraction tubes 
arranged in a labelled 96-well box and kept on ice to maintain 
DNA integrity before transferring to the NRCRI molecular 
laboratory for freeze drying at −80°C. In order to extract 
deoxyribonucleic acid (DNA) from tissue cells, stored leaf 
samples were lyophilized for 24 to 48 h and ground to a fine 
powder using a TissueLyzer running with a 1× speed at a 
rate of 1,500 strokes/min. Genomic DNA was extracted from 
freeze-dried leaf samples using the DNeasy 96 Plant Mini 
Extraction Kit (Qiagen) procedure with slight modification. 
The concentration and purity of the extracted DNA samples 
were carefully checked using a NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, United  States) and 
agarose gel electrophoresis, respectively. The DNA samples were 
transferred to the Institute of Genomic Diversity, Cornell 
University, Ithaca, New York, United States for SNP genotyping.

SNP Genotyping Assay and SNP Filtering
Genotyping-by-sequencing (GBS) approach as described by 
Elshire et  al. (2011) was used for SNP genotyping using 
restriction enzyme ApeKI recommended by Hamblin and 
Rabbi (2014). GBS was performed using the Illumina 
HiSeq2000. The sequenced reads were assigned to accessions 
using unique barcode sequences and aligned to the Manihot 
esculenta reference genome, version 6.11 (ICGMC, 2015). The 
SNPs were called using the TASSEL 5.0 GBS pipeline version 
2 (Glaubitz et  al., 2014). Extracted raw dataset of 96,697 
bi-allelic SNP markers was filtered using the PLINK 1.9 
software (Purcell et  al., 2007; Chang et  al., 2015). Eight of 

1 http://phytozome.jgi.doe.gov

TABLE 1 | Scales used in sensory analysis of boiled cassava roots.

Organoleptic attributea Descriptor

Mealiness 0: Non-mealy; 1: Fairly mealy; 2: Mealy; 3: Very mealy
Fibre 1: Low fibre; 2: Moderate fibre; 3: High fibre
Adhesiveness 1: Non-sticky; 2: Slightly sticky; 3: Sticky
Softness 1: Very hard; 2: Hard; 3: Soft; 4: Very soft
Taste 1: Bitter; 2: Bland; 3: Sweet
Colour 1: Yellow; 2: Cream; 3: White
Aroma 1: Unpleasant; 2: Bland; 3: Pleasant

aHedonic scale: mealiness (0–3); fibre (1–3); adhesiveness (1–3); softness (1–4); taste 
(1–3); colour (1–3); aroma (1–3).
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the 150 accessions with missing data for more than 10% of 
the SNP markers were not included in the association analysis. 
SNPs with missing call rate >10%, heterozygosity >20%, and 
minor allele frequency (MAF) <5% in the remaining 142 
accessions were removed from the genotype dataset. Also, 
markers with unknown or multiple chromosomes locations 
were removed. After the filtering and data quality control 
process, a total of 59,792 SNPs distributed across the 18 
cassava chromosomes were thus retained and used for 
population structure and genomic kinship estimation, and 
GWAS analysis.

Statistical Analyses
Out of the 150 accessions initially considered in this study, 
142 individuals had both phenotypic and genotypic data and 
were used for subsequent data analyses.

Phenotype Data Analysis
A PROC UNIVARIATE histogram/normal plot in SAS 9.4 was 
used to test whether the data were normally distributed. A 
mixed linear model (MLM) fitted across environments was 
used to perform analysis of variance (ANOVA) using the lme4 
package of the R software (Vazquez et  al., 2010; R Core Team, 
2014). The following model was adopted:

 Y R G G eijk i ij k i k ijkm= + + + + ´( ) +m b b

where Yijk is the phenotypic value; μ is the grand mean; βi is 
the effect of environment i; Rij is the effect of block j in 
environment i; Gk is the effect of genotype k; (βi × Gk) is the 
genotype × environment interaction effect associated with 
environment i and genotype k; and eijkm is the residual. The 
Best linear unbiased prediction (BLUP) values obtained from 
the MLM were used as phenotypes for association analysis.

Population Structure Analysis
Population structure of the 142 accessions was assessed using 
ADMIXTURE model-based clustering approach (Alexander 
et  al., 2009) that uses a Bayesian information criterion (BIC) 
to assign genotypes to putative populations (K). The K-means 
analysis was used to infer the optimal number of clusters after 
varying the possible number of clusters from 2 to 40. A 
discriminant analysis of principal components (DAPC) was 
performed on the clusters identified using the first 40 principal 
components in the adegenet R package (Jombart et  al., 2010). 
A cut-off value of 40% suggested through the DAPC was used 
to estimate the membership probabilities of the individuals 
for the different groups. Pairwise F-statistic (FST) was computed 
using the VCFtools (Danecek, 2011) to estimate the genetic 
diversity and the associations among the different DAPC groups 
formed. In addition to the DAPC, neighbour-joining (NJ) 
phylogenetic tree was constructed using the analyses of 
phylogenetics and evolution (ape) R package (Paradis et  al., 
2004) and results from different methods were compared to 
infer population structure.

Linkage Disequilibrium Analysis
The genome-wide linkage disequilibrium (LD), which is the 
non-random association of alleles at different loci in a given 
population, was estimated using the squared correlation 
coefficients (r2) between the pairs of markers using R software 
v3.0.3 (R Core Team, 2014). Marker pairs in perfect LD 
(r2  = 1) were removed prior to the LD analysis. The values 
of r2 were plotted against genetic distance. Scatter plots and 
fitted smooth curves for estimating genome-wide LD decay 
of the values of r2 vs. the corresponding physical distances 
between the SNP pairs were plotted using a base scatter plot 
function of R software v3.0.3, “scatter.smooth” (R Core 
Team, 2014).

Genotype–Phenotype Association Analysis
In this study, association analysis for each trait was performed 
using the compressed mixed linear model (CMLM) method 
implemented in the GAPIT (Genome Association and Prediction 
Integrated tools) R package (Lipka et  al., 2012), where the 
population structure (Q), kinship (K) matrix and other hidden 
confounding factors were fitted to control false-positive 
associations (Zhang et  al., 2010). Variance–covariance kinship 
or relatedness (K) matrix was calculated using the VanRaden 
method (VanRaden, 2008). The genome-wide Bonferroni 
correction (0.05/n, n = number of SNPs used) criterion showed 
a stringent threshold of significance; therefore, a GWAS 
threshold of −log(P) = 4 was used in declaring significant 
marker-trait associations (MTAs), which was determined based 
on the quantile-quantile (Q-Q) plots and distribution of values 
of p for all the traits (Gao et  al., 2016; Mogga et  al., 2018; 
Sukumaran et  al., 2018; Adewale et  al., 2020). Furthermore, 
CMLM results were visualized from Manhattan and Q-Q plots 
generated using the CMplot package of R software 
(LiLin-Yin, 2019).

Candidate Gene Analysis
Candidate gene analysis was performed using significant SNPs 
selected from the GWAS results. Mapping of these selected 
SNP markers onto genes was done using the SNP location 
and gene description from the M.esculenta_305_v6.1.gene.gff3 
file of the cassava reference genome available in Phytozome 
v12.1 (Goodstein et  al., 2012; Batra et  al., 2014), and the 
intersect function from bedtools (Quinlan and Hall, 2010). 
The gene ontology annotation was done using Panther.2

RESULTS

Phenotypic Distribution of Traits
An analysis of phenotypes of the association panel averaged 
across the six contrasting environments showed that most traits 
followed a normal distribution. A few traits were slightly skewed 
towards the tails, particularly the distribution of fibre, taste, 
and firmness (Figure  1).

2 http://go.pantherdb.org/
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Distribution of SNPs and Genetic Diversity
The genotype dataset of 96,697 SNP markers was generated 
using GBS (Elshire et  al., 2011). A total of 59,792 genome-
wide SNP markers were called for the 142 individuals after 
quality filtering for missing data >10%, heterozygosity >20% 
and MAF <5%. These SNPs were unequally distributed along 
the 18 chromosomes of the cassava genome sequence v6.1. 
SNPs coverage per chromosome varied from 2,227 on 
chromosome 17 to 7,382 on chromosome 1 
(Supplementary Figure S1). The overall SNP diversity in 
the association panel was expressed by a polymorphic 
information content (PIC) value (Supplementary Table S2). 
The PIC values estimated for 59,792 SNP markers ranged 
from 0.09 to 0.38, with an average of 0.26. Observed 
heterozygosity ranged from 0.01 to 0.97, with an average of 
0.31 whereas the expected heterozygosity varied from 0.10 
to 0.50, with an average of 0.32 across the SNP markers. 
The mean minor allele frequency was 0.23 with minimum 
and maximum frequencies of 0.05 and 0.50, respectively. Gene 
diversity ranged from 0.10 to 0.50, with a mean of 0.32 
(Supplementary Table S2).

Population Structure and LD Decay
Population structure is required in genome-wide association 
(GWAS) analysis in order to avoid false-positive associations 
(Yu et al., 2006). Admixture was used for population structure 
analysis. The population stratification inferred by using 
admixture model-based clustering method indicated the presence 
of four subgroups (Figure  2C) and this was consistent with 
the number of clusters identified using DAPC analysis 
(Figure  2A). Estimation of the cluster membership showed 

that cluster two had the highest number of accessions (58), 
followed by cluster three with 35 accessions, cluster one with 
28 accessions and cluster four with the least number of 
accessions (21; Figure  2A). The results of the neighbour-
joining (NJ) phylogenetic tree also showed four subgroups 
(Figure  2B).

Linkage disequilibrium analysis revealed the presence of 
225,072 loci pairs within a physical distance extending up to 
8821.95 bp. Pearson’s correlation coefficients showed low and 
positive correlation (r = 0.028) between the linkage disequilibrium 
(R2) and the physical distance (bp) as well as between the 
value of p and R2 (r = 0.35), indicating the existence of linkage 
decay (Figure  3). Assessment of the LD plotting indicated 
significant drop of the r2 value across all the chromosomes at 
0.03 Mb.

SNP Markers Associated With Textural 
Attributes
Eight textural attributes of boiled cassava roots were considered 
for association analysis, mealiness, softness, adhesiveness, fibre, 
taste, aroma, colour and firmness. However, all the GWAS 
analysis for softness showed non-significant marker-trait 
association (MTA) for the panel of SNPs used in this study. 
Therefore, only association results for the remaining seven 
attributes are shown in this study. A total of 80 significant 
SNPs associated with textural attributes of boiled cassava roots 
were detected at a GWAS threshold of −log(P) = 4 
(Supplementary Table S3). GWAS analysis using compressed 
MLM identified 7, 1, 62, 5, 1, 3 and 1 significant SNP markers 
associated with variation in mealiness, fibre, adhesiveness, taste, 
aroma, colour and firmness, respectively.

FIGURE 1 | Histogram showing phenotypic distribution of cooking quality traits for 142 cassava accessions evaluated in six environments in Nigeria.
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Root Mealiness
Genome-wide association study for variation in mealiness of 
boiled roots revealed two genomic regions that were significantly 
associated with the trait (Figure  4). The most significant locus 
occurred on chromosome 13 and was tagged by six markers, 
with the two top SNPs (S13_25716244 and S13_25667749) 
explaining the highest proportion of the total phenotypic 
variance (18%) and were separated by a distance of 0.05 Mb. 
Meanwhile, marker S13_25447531 (p = 8.56E-05) had the least 
proportion (16%) of the phenotypic variation. The second peak 
was tagged by marker S6_319697 (p = 6.31E-05) on chromosome 
6. This marker explained 16% of the phenotypic variance for 
the trait (Table  2).

Fibre
A single genomic region around 21.2 Mbp of chromosome 5 
was found to be significantly associated with fibre (Figure 5A) 
and was tagged by SNP S5_21198714 (p = 9.84E-05). This marker 
explained 16% of the phenotypic variance for the trait (Table 2).

Adhesiveness
A total of 62 markers were significant for variation in 
adhesiveness. The significant SNPs associated with the trait 
were found in a single genomic region on chromosome 18 

(around 32–35 Mb; Figure  5B). The peak SNP at this locus 
(S18_3604145, p = 1.41E-06) explained 21% of the trait variation 
(Table  2). Variance explained by each significant marker R2 
varied from 14 to 21% (Supplementary Table S3).

Root Taste
Variation in taste of boiled roots was found to be  associated 
with two major loci occurring on chromosomes 1 and 10 
(Figure  6A). The most significant marker was S10_3499386 
(p = 5.02E-05) followed by the marker on chromosome 1 
(S1_24825469, p = 5.32E-05). These two SNPs accounted for 
the highest phenotypic variance (15%) for root taste (Table 2).

Aroma
A single genomic region on chromosome 17 (7.46 Mbp) was 
found to be  linked to aroma (Figure  6B) and tagged by SNP 
S17_7460784 (p = 9.90E-05). The marker explained 12% of the 
trait variation (Table  2).

Colour
Three SNPs (S1_25733720, S1_25695204 and S1_25695218) 
with genome-wide association significance for colour variation 
in boiled roots were identified to be  located within a single 
major locus on chromosome 1 (around 25.73 and 25.69 Mb 

A B

C

FIGURE 2 | Population structure based on analysis of 59,792 SNPs. (A) Discriminant analysis of principal components (DAPC) using 59,792 SNP markers. The 
axes represent the first two Linear Discriminant (LD). Each colour represents a cluster, and each dot represents an individual. Numbers represent the different 
subpopulations identified by DAPC analysis. (B) Neighbor-joining (NJ) phylogenetic tree displaying the genetic relationships among the 142 cassava accessions in 
the panel based on 59,792 SNP markers. (C) Admixture plot showing clustering of 142 cassava accessions into clusters based on the molecular data using 
Bayesian-based clustering analysis. Each accession is represented by a vertical bar. The coloured sections within each bar indicate membership coefficients of the 
accessions in the different subgroups.
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regions; Figure  7A). Each of these markers explained 18% of 
the phenotypic variance for the trait (Table  2).

Firmness
Association analysis of firmness identified a significant locus 
around 23.64 Mbp region of chromosome 4 (Figure  7B) 
and tagged by marker S4_23643811 (p = 1.08E-05). The SNP 
marker explained 17% of the total phenotypic variation 
(Table  2).

Putative Candidate Genes
The genomic regions encompassed by the top significant SNPs 
were further examined to identify annotated genes with putative 
functions using the M.esculenta_305_v6.1.gene.gff3 file of the 
cassava reference genome available on phytozome v12.1 
(Goodstein et  al., 2012). Candidate genes that are co-located 
with peak SNPs were identified and are presented in Table  3. 
The candidate gene Manes.13G026900, annotated as plant 
invertase/pectin methylesterase inhibitor superfamily protein, 
was found close to the top SNP S13_25716244 on chromosome 

FIGURE 3 | Genome-wide linkage disequilibrium (LD) decay among the SNP pairs as a function of genetic distance in base pairs based on the joint analysis of the 
18 chromosomes in 142 cassava accessions. The dots correspond to the observed LD (r2) values. The blue line represents the nonlinear trend of expected LD 
decay.

FIGURE 4 | Manhattan plot for GWAS based on best linear unbiased predictions for root mealiness. The dashed horizontal line depicts the genome-wide 
significance threshold.
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13, which was associated with natural variation in mealiness 
of boiled cassava roots. For fibre, a candidate gene 
Manes.05G153500, which encodes a walls-are-thin-1 (WAT1) 
protein, harboured the significant SNP S5_21198714 on 
chromosome 5. Two candidate genes, designated as 
Manes.18G037100 and Manes.18G037200 were found close to 
the top SNPs on chromosome 18 linked to adhesiveness. These 
genes encode for alpha-amylase. There were five potential 
candidate genes found in genomic regions associated with taste 
of boiled cassava roots on chromosome 1 and 10. These genes 
included Manes.01G123800 (encoding sucrose synthase), 
Manes.01G141200 (identified as beta-galactosidase-3), 
Manes.01G145700 (annotated as chalcone-flavanone-isomerase 
family protein), Manes.10G029400, which encodes for 
expansin-A4 protein, and Manes.10G034200 (encoding 
UDP-glucosyl-transferase-73B3). No known candidate genes 
were found in the vicinity of the significant marker S17_7460784 
linked to aroma on chromosome 17. For colour of boiled 
cassava roots, two potential candidate genes Manes.01G141200 
and Manes.01G147500 were co-located with the significant 
SNPs on chromosome1. The putative gene Manes.01G141200 
encodes for beta-galactosidase-3 while the Manes.01G147500 
putative gene encodes a Myb-like domain protein. Also, the 
significant SNPs associated with colour of boiled cassava roots 
were furthest downstream from the phytoene-synthase (PSY) 
gene Manes.01G124200, which is known to increase the 

accumulation of total carotenoid content (TCC) in cassava 
roots. Eight candidate genes near the significant SNP S4_23643811 
on chromosome 4 linked to firmness encode for a wall-associated 
kinase family protein (WAKs). These genes included 
Manes.04G099400, Manes.04G099500, Manes.04G099900, 
Manes.04G100100, Manes.04G100200, Manes.04G100300, 
Manes.04G100400, and Manes.04G100500.

DISCUSSION

The texture of boiled cassava roots is a major determinant of 
consumer acceptance and preference. Although several studies 
have been conducted on the quality attributes of boiled cassava 
roots, the genetic architecture underlying these textural attributes 
remains unexplored. This study aimed to identify QTL regions 
and potential candidate genes associated with genetic variation 
in root mealiness and other quality attributes of boiled cassava 
roots using a collection of 142 accessions from the NRCRI 
cassava breeding programme in Nigeria.

A total of 59,792 SNPs were found to be distributed across 
the 18 chromosomes at various densities, in which 80 SNPs 
were determined to associate with root mealiness and other 
textural attributes of boiled cassava roots. The average PIC 
value of 0.26 obtained in the present study is higher than 
that reported by Udoh et  al. (2017) but comparable to those 

TABLE 2 | Summary statistics of top significant SNPs at each major trait linked locus for root mealiness and other textural attributes of boiled cassava roots.

Trait SNP_ID Chra Position
Allele

MAFb Value of p R2c

Major Minor

Mealiness S13_25716244 13 25,716,244 C G 0.50 1.65E-05 0.18
Mealiness S13_25667749 13 25,667,749 C T 0.49 2.02E-05 0.18
Mealiness S13_25591824 13 25,591,824 T C 0.49 2.81E-05 0.17
Mealiness S13_25417306 13 25,417,306 C A 0.48 3.08E-05 0.17
Mealiness S13_25394035 13 25,394,035 C T 0.47 5.01E-05 0.17
Mealiness S6_319697 6 319,697 T A 0.06 6.31E-05 0.16
Mealiness S13_25447531 13 25,447,531 A C 0.48 8.56E-05 0.16
ADHd S18_3604145 18 3604145 G C 0.14 1.41E-06 0.21
ADH S18_3573999 18 3,573,999 A C 0.13 2.46E-06 0.20
ADH S18_3563031 18 3,563,031 T G 0.15 5.27E-06 0.18
ADH S18_3414606 18 3,414,606 C G 0.13 7.44E-06 0.18
ADH S18_3414613 18 3,414,613 C G 0.13 7.44E-06 0.18
ADH S18_3297837 18 3,297,837 T G 0.19 8.06E-06 0.18
Aroma S17_7460784 17 7,460,784 C T 0.11 9.90E-05 0.12
Colour S1_25733720 1 25,733,720 T C 0.44 9.05E-05 0.18
Colour S1_25695204 1 25,695,204 A G 0.49 9.85E-05 0.18
Colour S1_25695218 1 25,695,218 G T 0.49 9.85E-05 0.18
Fibre S5_21198714 5 21,198,714 C T 0.08 9.84E-05 0.16
Firmness S4_23643811 4 23,643,811 A G 0.43 1.08E-05 0.17
Taste S10_3499386 10 3,499,386 A G 0.24 5.02E-05 0.15
Taste S1_24825469 1 24,825,469 C A 0.49 5.32E-05 0.15
Taste S10_3326655 10 3,326,655 A T 0.24 6.42E-05 0.14
Taste S10_3444639 10 3,444,639 G T 0.24 7.98E-05 0.14
Taste S10_3290580 10 3,290,580 C T 0.27 9.07E-05 0.14

aChromosome;
bMinor allele frequency;
cProportion of phenotypic variation explained by SNPs;
dAdhesiveness.
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previously reported in other studies (Simko et  al., 2012; 
Zhang et  al., 2016; Adewale et  al., 2020). This shows the 
informativeness of the SNP markers used in this study. 
Estimation of population structure and individual relatedness 
in association studies is required to minimize spurious 
associations (Yu et  al., 2006). The 142 white and yellow-root 
accessions used in this study were classified into four subgroups. 
For all the subgroups, both white and yellow accessions were 
distributed, indicating that these samples are suitable for 
association analysis. The three complementary approaches 
employed in this study, namely DAPC, NJ phylogenetic tree, 
and admixture ancestry to define the optimal number of 
subgroups all revealed the presence of four genetic subgroups 
among the 142 cassava accessions. Similar conclusion about 
the number of distinct groups has been drawn in cassava 
(do Carmo et al., 2020). The LD decay over physical distance 
is crucial in determining the number and density of markers 
required for genomic analyses such as GWAS (Flint-Garcia 
et  al., 2003; do Carmo et  al., 2020). We  observed LD decay 
in the population composed of white and yellow accessions 
at approximately 30 kb, which is higher than that in Brazilian 
cassava germplasm (~20 kb; Albuquerque et  al., 2018) and 
elite IITA cassava breeding lines (10 kb; Rabbi et  al., 2020), 
but lower compared to East–West African breeding lines 
(~50 kb; Wolfe et  al., 2016). The observed LD level in this 
study implies that higher-resolution map would be  achieved 
when using this population.

Genome-wide association study has been widely used in 
deciphering the genetic basis of complex traits in various crop 
plants (Huang et  al., 2010; de Oliveira et  al., 2012; Morris 
et  al., 2013; Sukumaran et  al., 2018); nonetheless, complex 
genetic architectures and structured characters can produce 
false signals and indirect relationships in GWAS. The model 
fitness for the association analysis was based on the quantile–
quantile (Q-Q) plot, which is a plot of observed versus expected 
values of p under the null hypothesis that there is no relationship 
between a SNP marker and the phenotype. The results showed 
that the majority of the points in the Q-Q plots were aligned 
on the diagonal line for all the traits studied, implying that 
false allelic associations due to population structure and relative 
kinship were largely minimized. This finding supports earlier 
reports by Kuki et  al. (2018) and Adewale et  al. (2020).

The discovery of QTL and genes influencing the textural 
attributes of boiled cassava roots is of great importance to 
marker-assisted breeding. Results from the GWAS analysis 
provide the first insights into the genetic architecture of boiled 
cassava root texture. In the present study, GWAS identified 
80 significant SNP markers associated with mealiness, fibre, 
adhesiveness, taste, aroma, colour and firmness at the threshold 
of −log(P) = 4. These markers were found on chromosomes 1, 
4, 5, 6, 10, 13, 17, and 18. The significant markers identified 
using GWAS, particularly those co-located with candidate genes 
for the studied traits can provide an important reference for 
the development functional markers. These gene-based functional 

A

B

FIGURE 5 | Manhattan plots for GWAS based on best linear unbiased predictions for (A) fibre, and (B) adhesiveness. The dashed horizontal line depicts the 
genome-wide significance threshold.
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A

B

FIGURE 6 | Manhattan plots for GWAS based on best linear unbiased predictions for (A) root taste, and (B) aroma. The dashed horizontal line depicts the 
genome-wide significance threshold.

A

B

FIGURE 7 | Manhattan plots for GWAS based on best linear unbiased predictions for (A) colour, and (B) firmness. The dashed horizontal line depicts the genome-
wide significance threshold.
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markers would be potentially useful in MAS to improve boiled 
cassava root texture.

The most notable candidate gene identified in this study 
is found in the vicinity occupied by SNP S13_25716244 on 
chromosome 13. SNP S13_25716244 is co-located with pectin-
methylesterase inhibitor (PMEI) gene (Manes.13G026900), a 
proteinaceous inhibitor of pectin-methylesterase (PME). The 
protein PMEI has been reported to be  present in the aqueous 
phase of fully ripe fruit, and is probably synthesized as a 
larger precursor, undergoing proteolytic cleavage during the 
fruit ripening process (Giovane et al., 1995). It has been shown 
that the action of PME on pectin affects the food textural 
quality of plant-based food products, either favourably or 
deleteriously, depending on the product at hand (Jolie et  al., 
2010). This finding is particularly interesting as it is well known 
that pectin is recognized as being responsible for cell adhesion 
and for the mealiness or crispness of vegetables and fruits 
(Parker et  al., 2001; Jarvis et  al., 2003). Some evidence of 
PME activity in cooked potato texture have been reported by 
various studies (Ross et  al., 2010, 2011a,b; Lloyd, 2011).

On chromosome 5, the SNP S5_21198714 was associated 
with fibre. This SNP was found close to the gene 
Manes.05G153500, which encodes a walls-are-thin 1 (WAT1) 
protein. WAT1 gene is a member protein that belongs to the 
plant drug/metabolite exporter (P-DME) family (Jack et  al., 
2001) and has been reported to have a regulation role in 
secondary cell wall in fibres of Arabidopsis (Ranocha et  al., 
2010). The secondary cell wall can be  regarded as a complex, 
natural composite substance and consists of three major 
components in angiosperms. These components included cellulose, 
xylan, and lignin. Ranocha et al. (2010) reported that the WAT1 
phenotype can be  associated with the transcriptional 
downregulation of genes known to play a pivotal role in the 
biosynthesis of secondary cellulose, xylan and lignin in WAT1-1 
stems and metabolites in lignin biosynthesis. The authors found 
WAT1 gene to be  ubiquitously expressed all over the plant 
with its preferential expression associated with vascular tissues, 
including developing xylem vessels and fibres. BLAST searches 

have shown that WAT1 gene has homologs in different plant 
species, including rice (Oryza sativa), poplar (Populus 
trichocarpa × Populus deltoides), maize (Zea mays) and the 
moss, Physcomitrella patens (Ranocha et  al., 2010). The SNP 
marker S5_21198714 indicated that the candidate gene (WAT1) 
identified in this study could be associated with fibre development 
or secondary cell wall formation in cassava. The gene therefore 
could be  a promising target to further decipher the genetic 
architecture of boiled cassava root texture and should be further 
tested in cassava breeding programmes to determine its usefulness 
in selecting genotypes with good culinary qualities.

Two putative genes, Manes.18G037100 and Manes.18G037200, 
within location of the SNPs associated with adhesiveness on 
chromosome 18 encode for alpha-amylase. The alpha-amylase 
gene performs important functions and roles in carbohydrate 
metabolism. The importance of this protein in initiating starch 
degradation has been reported in different starchy crops, including 
cassava (Oyewole and Odunfa, 1992; do Carmo et  al., 2020). 
Lengbamroung et  al. (2005) found a high expression of the gene 
encoding alpha-amylase protein in cassava storage roots. In cassava, 
the genes for alpha-amylase and beta-amylase were co-located 
with significant polymorphisms identified for waxy starch (do 
Carmo et  al., 2020). Thus, the alpha-amylase gene may be  a 
waxy gene (Wx) involved in the expression of waxy phenotype 
in cassava. Yang et  al. (2018b) reported the effects of the Wx 
gene on rice eating and cooking qualities. It was also reported 
that two enzymes, PME and amylase, played an important role 
in firmness in sweet potato (He et  al., 2014). In this study, the 
alpha-amylase gene was located on chromosome 18, where 
significant SNPs associated with adhesiveness were identified. 
This possibly suggests that the gene might have a critical influence 
on boiled cassava root texture. Nonetheless, further investigations 
will be needed to fully understand the contribution of the alpha-
amylase gene to boiled cassava root texture.

The candidate gene (Manes.01G141200) encoding beta-
galactosidase (β-Gal) was found around the genomic regions 
of the significant SNPs associated with variation in taste 
and colour of boiled cassava roots on chromosome 1. 

TABLE 3 | Candidate genes co-located with significant SNPs associated with mealiness and other textural attributes of boiled cassava roots.

Trait Chra Position Candidate gene Gene annotation

Mealiness S13 25,716,244 Manes.13G026900 Plant invertase/pectin methylesterase inhibitor
Fibre S5 21,198,714 Manes.05G153500 Walls-Are-Thin-1 protein (WAT1)
Adhesiveness S18 3,604,145 Manes.18G037100, Manes.18G037200 Alpha-amylase
Taste S1 24,825,469 Manes.01G123800 Sucrose synthase

Manes.01G141200 Beta-galactosidase-3
Manes.01G145700 Chalcone-flavanone isomerase family protein

S10 3,499,386 Manes.10G029400 Expansin-A4 protein
Manes.10G034200 UDP-glucosyl-transferase-73B3

Aroma S17 7,460,784 None –
Colour S1 25,733,720 Manes.01G141200, Manes.01G147500 Beta-galactosidase-3, Myb-like domain protein

25,695,204 Manes.01G141200, Manes.01G147500 Beta-galactosidase-3, Myb-like domain protein
25,695,218 Manes.01G141200, Manes.01G147500 Beta-galactosidase-3, Myb-like domain protein

Firmness S4 23,643,811 Manes.04G099400, Manes.04G099500, Manes.04G099900, 
Manes.04G100100, Manes.04G100200, Manes.04G100300, 
Manes.04G100400, Manes.04G100500

Wall-associated kinase family protein

aChromosome.
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Identifying this potential candidate gene influencing these 
two traits on chromosome 1 QTL region strongly indicates 
the presence of pleiotropic effects. β-Gal, one of the major 
cell wall modifying enzymes (a pectin enzyme), plays an 
important role in fruit ripening and softening (Yang et  al., 
2018a). It is known to facilitate fruit ripening and softening 
by increasing the cell wall porosity as well as enhancing 
the access of other cell wall degrading enzymes (Goulao 
et al., 2007; Ng et al., 2015). It has been shown that alterations 
in the β-Gal activity resulted in differences in pectin 
solubilization and the cell wall structures, and among apple 
varieties with different textures during fruit ripening (Yang 
et  al., 2018a). β-Gals are basically encoded by members of 
large gene families and their roles have been investigated 
in many plant species, including arabidopsis (Ahn et  al., 
2007), strawberry (Trainotti et  al., 2001), tomato (Smith 
and Gross, 2000), pear (Tateishi et  al., 2001), and papaya 
(do Prado et  al., 2016). In addition to β-Gal, the following 
candidate genes were found in the genomic regions associated 
with variation in taste of boiled cassava roots on chromosomes 
1 and 10: Manes.01G123800 (encoding sucrose synthase), 
Manes.01G145700 (identified as chalcone-flavanone isomerase 
family protein), Manes.10G029400 (annotated as expansin-A4 
protein), and Manes.10G034200 (encoding UDP-glucosyltransferase- 
73B3). These genes have also been previously reported to 
play important roles in fruit ripening and softening, and 
flavonoid biosynthesis (Jiang et al., 2015; Minoia et al., 2016; 
Song et al., 2016; Zhao et al., 2017). However, these putative 
genes have not been well studied in cassava and need further 
investigations to better understand their potential roles in 
cassava, particularly related to textural attributes of boiled 
cassava roots.

A potential candidate gene (Manes.01G147500) encoding 
Myb-like domain protein was found closer to the significant 
SNPs identified for colour on chromosome 1. Compared to 
animals, plants contain a Myb-protein subfamily that is 
characterized by the R2R3-type Myb domain (Stracke et  al., 
2001). Previous genetic studies have revealed that the yellow 
seed1 (Y1) gene, which controls pericarp pigmentation and 
phytoalexin production in sorghum, encodes a R2R3-type of 
Myb domain protein that controls the expression of chalcone 
synthase, chalcone isomerase, and dihydroflavonol reductase 
genes required for 3-deoxyflavonoids biosynthesis (Boddu 
et  al., 2005, 2006; Ibraheem et  al., 2010; Morris et  al., 2013). 
In plants, Myb genes are believed to play an important role 
in regulating pigment biosynthesis pathway (Nesi et  al., 2001; 
Kobayashi et  al., 2002; Himi and Noda, 2005; Allan et  al., 
2008). This has been demonstrated in wheat as well as in 
maize (Grotewold et  al., 1994; Dong et  al., 2001; Himi et  al., 
2002; Lee and Harper, 2002; Chopra et  al., 2003; Boddu 
et  al., 2006). In cassava, the Myb gene was found within the 
location occupied by association hit for petiole colour and 
leaf greenness on chromosome 1 (Rabbi et al., 2020); however, 
it will be  necessary to further understand the contribution 
of the Myb gene in the epigenetic regulation of the anthocyanin 
biosynthesis pathway in cassava. Moreover, the significant 
polymorphisms associated with colour of boiled roots were 

located downstream of the phytoene synthase gene 
(Manes.01G124200). The identified candidate gene is responsible 
for the increased accumulation of provitamin A carotenoid 
in cassava roots (Welsch et al., 2010). This finding corroborates 
earlier GWAS reports on TCC in cassava (Esuma et  al., 2016; 
Rabbi et  al., 2017, 2020; Ikeogu et  al., 2019).

Eight candidate genes encoding wall-associated kinase family 
protein were found to be  located close to the significant SNP 
S4_23643811 associated with variation in firmness of boiled 
cassava roots on chromosome 4. Wall-associated kinases (WAKs) 
are known for their developmental role in cell expansion 
(Decreux and Messiaen, 2005; Kohorn, 2016). It has been 
shown that pectinase, an enzyme responsible for degrading 
pectin present in the cell wall releases WAKs (Kohorn and 
Kohorn, 2012). This finding is interesting as it has been reported 
that pectin degradation may affect the fruit firmness of apple 
cultivars (Yang et  al., 2018a). WAK-like genes have been 
identified in different plant species including arabidopsis, tomato, 
rice as well as in maize (Zhang et  al., 2005; Rosli et  al., 2013; 
Hurni et al., 2015; Zuo et al., 2015). Nonetheless, this potential 
gene has not been studied in cassava and needs further 
exploration to better understand its relationship with pectin 
and their impact on the texture of boiled cassava roots.

The findings presented in this study have increased our 
understanding of the underlying genetic basis of boiled cassava 
root texture. Through GWAS, we identified novel genes including 
a promising gene for root mealiness, which subsequently on 
validation, could be  potential targets for breeders in marker-
assisted breeding to improve cassava culinary qualities.

CONCLUSION

The present study describes the first genome-wide association 
mapping approach in cassava to decipher the genetic 
architecture of root mealiness and other important quality 
attributes of boiled cassava roots. The study identified 80 
significant SNPs associated with variation in measured traits. 
These polymorphisms can be  further explored for use in 
MAS of the studied traits to increase their selection efficiency 
and the rate of genetic gain. This study also identified 
relevant candidate genes for the traits studied except for 
aroma. The novel gene Manes.13G026900 on chromosome 
13 could be  invaluable for the development of cassava 
genotypes with desirable mealiness values through marker-
assisted breeding and genomic selection. In addition, 
chromosome 1 encompassed genomic regions harbouring 
promising genes for taste, colour and other texture-related 
traits of boiled cassava roots. Further genetic studies involving 
transcript/transcriptome analysis, fine mapping, joint linkage 
mapping and mapping using different mapping populations 
will be  required to validate associations and candidate genes 
identified in this study so that marker-assisted breeding 
approaches could be used as ideal tools to accelerate genetic 
improvement of root mealiness and other textural traits in 
African cassava germplasm, particularly in Nigeria where 
cassava is a major staple food.
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